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METHODS AND COMPOSITIONS FOR PRODUCING A NEURO SALUTARY 
EFFECT IN A SUBJECT 

5 

Related Applications 

This application claims priority to U.S. Provisional Application No. 60/208,778, 
filed on June 1, 2000, the entire contents of which are incorporated herein by this 
reference. 

10 

Background of the Invention 

Disorders of the peripheral and central nervous system are widespread, and for 
many of these conditions effective therapeutic interventions are lacking. 



1 5 Summary of the Invention 

The present invention provides methods and compositions for producing a 
neurosalutary effect in a subject with a neurological condition; such effects include 
promoting neuronal survival, axonal outgrowth, neuronal regeneration or normalized 
neurological function in a subject. 
20 In one aspect, the present invention provides a method which includes 

administering to a subject a therapeutically effective amount of a macrophage-derived 
factor, such as oncomodulin or TGF-fJ, thereby producing a neurosalutary effect in the 
subject. 

In other embodiments, the methods of the invention further include administering 

25 to a subject a cAMP modulator or an axogenic factor. 

In one aspect, the macrophage-derived factor is administered to a subject in 
accordance with the present invention such that the factor is brought into contact with 
neurons of the central nervous system of the subject. For example, the factor may be 
administered into the cerebrospinal fluid of the subject into the intrathecal space by 

30 introducing the factor into a cerebral ventricle, the lumbar area, or the cisterna magna. 
In such circumstances, the macrophage-derived factor can be administered locally to 
cortical neurons or retinal ganglion cells to produce a neurosalutary effect. 

In certain embodiments, the pharmaceutically acceptable formulation provides 
sustained delivery, providing effective amounts of the macrophage-derived factor to a 

35 subject for at least one week, or in other embodiments, at least one month, after the 
pharmaceutically acceptable formulation is initially administered to the subject. 
Approaches for achieving sustained delivery of a formulation of the invention include 
the use of a slow release polymeric capsule, a bioerodible matrix, or an infusion pump 
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that disperses the factor or other therapeutic compound of the invention. The infusion 
pump may be implanted subcutaneously, intracranially, or in other locations as would be 
medically desirable. In certain embodiments, the therapeutic factors or compositions of 
the invention would be dispensed by the infusion pump via a catheter either into the 
5 cerebrospinal fluid, or to a site where local delivery was desired, such as a site of 
neuronal injury or a site of neurodegenerative changes. 

In another aspect, the present invention features a method which includes 
administering to a subject a therapeutically effective amount of a macrophage-derived 
factor in combination with a therapeutically effective amount of an axogenic factor, 
1 0 thereby producing a neurosalutary effect in the subject. 

In a further aspect, the present invention features a method which includes 
administering to a subject a therapeutically effective amount of a macrophage-derived 
factor in combination with a therapeutically effective amount of an axogenic factor and a 
therapeutically effective amount of a cAMP modulator, thereby producing a 
1 5 neurosalutary effect in the subject. 

In yet another aspect, the present invention features a method which includes 
administering to a subject a therapeutically effective amount of oncomodulin, thereby 
producing a neurosalutary effect in the subject. 

In another aspect, the present invention features a method which includes 
20 administering to a subject a therapeutically effective amount of oncomodulin in 

combination with an effective amount of AF-1, AF-2 or inosine, thereby producing a 
neurosalutary effect in the subject. 

Pharmaceutical compositions that include a macrophage-derived factor and a 
pharmaceutically acceptable carrier may be packed with instructions for use of the 
25 pharmaceutical composition for producing a neurosalutary effect in a subject. In one 
embodiment, the pharmaceutical composition may further include a cAMP modulator 
and/or an axogenic factor, such as AF-1, AF-2 or a purine such as inosine. 

Other features and advantages of the invention will be apparent from the 
30 following detailed description, and from the claims. 

Detailed Description 

Intraocular injections that impinge upon the lens initiate a set of cellular changes 
that include macrophage infiltration, astrocyte stimulation, and increased expression of 
35 the growth-associated protein GAP-43 in retinal ganglion cells. Subsequently, retinal 
ganglion cells show improved survival and unprecedented levels of axonal growth into 
the normally prohibitive environment of the optic nerve. Similar results were obtained 
using the macrophage activator zymosan instead of lens injury. A macrophage-derived 
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factor such as oncomodulin or TGF-P, with or without one or more adjunctive 
endogenous or exogenous axogenic factors, can also stimulate axonal outgrowth. 

As used herein, the term "macrophage-derived factor" includes any factor 
derived from a macrophage that has the ability to produce a neurosalutary effect in a 
5 subject. Macrophage-derived factors include, but are not limited to, peptides such as 
oncomodulin and TGF-p\ 

As used herein, a "neurosalutary effect" means a response or result favorable to 
the health or function of a neuron, of a part of the nervous system, or of the nervous 
system generally. Examples of such effects include improvements in the ability of a 

10 neuron or portion of the nervous system to resist insult, to regenerate, to maintain 

desirable function, to grow or to survive. The phrase "producing a neurosalutary effect" 
includes producing or effecting such a response or improvement in function or resilience 
within a component of the nervous system. For example, examples of producing a 
neurosalutary effect would include stimulating axonal outgrowth after injury to a neuron; 

15 rendering a neuron resistant to apoptosis; rendering a neuron resistant to a toxic 

compound such as P-amyloid, ammonia, or other neurotoxins; reversing age-related 
neuronal atrophy or loss of function; or reversing age-related loss of cholinergic 
innervation. 

The term "axogenic factor" includes any factor that has the ability to stimulate 

20 axonal regeneration from a neuron. Examples of axogenic factors include AF-1 and AF- 
2 as described in, for example, Schwalb et al. (1996) Neuroscience 72(4):901-10; 
Schwalb et ah, id.; and U.S. Patent No.: 5,898,066, the contents of which are 
incorporated herein by reference. Other examples of axogenic factors include purines, 
such as inosine, as described in, for example, PCT application No. PCT/US98/03001 and 

25 Benowitz et al. (1999) Proc. Natl. Acad. Sci. 96(23): 13486-90, the contents of which are 
incorporated herein by reference. 

The term "cAMP modulator" includes any compound which has the ability to 
modulate the amount, production, concentration, activity or stability of cAMP in a cell, 
or to modulate the pharmacological activity of cellular cAMP. cAMP modulators may 

30 act at the level of adenylate cyclase, upstream of adenylate cyclase, or downstream of 
adenylate cyclase, such as at the level of cAMP itself, in the signaling pathway that leads 
to the production of cAMP. Cyclic AMP modulators may act inside the cell, for 
example at the level of a G-protein such as Gi, Go, Gq, Gs and Gt, or outside the cell, 
such as at the level of an extra-cellular receptor such as a G-protein coupled receptor. 

35 Cyclic AMP modulators include activators of adenylate cyclase such as forskolin; non- 
hydrolyzable analogues of cAMP including 8-bromo-cAMP, 8-chloro-cAMP, or 
dibutyryl cAMP (db-cAMP); isoprotenol; vasoactive intestinal peptide; calcium 
ionophores; membrane depolarization; macrophage-derived factors that stimulate cAMP; 
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agents that stimulate macrophage activation such as zymosan or IFN-y; 
phosphodiesterase inhibitors such as pentoxifylline and theophylline; specific 
phosphodiesterase IV (PDE IV) inhibitors; and beta 2-adrenoreceptor agonists such as 
salbutamol. The term cAMP modulator also includes compounds which inhibit cAMP 
5 production, function, activity or stability, such as phosphodiesterases, such as cyclic 
nucleotide phosphodiesterase 3B. cAMP modulators which inhibit cAMP production, 
function, activity or stability are known in the art and are described in, for example, 
Nano et al. (2000) Pflugers Arch 439(5):547-54, the contents of which are incorporated 
herein by reference. 

10 "Phosphodiesterase IV inhibitor" refers to an agent that inhibits the activity of the 

enzyme phosphodiesterase IV. Examples of phosphodiesterase IV inhibitors are known 
in the art and include 4-arylpyrrolidinones, such as rolipram, nitraquazone, denbufylline, 
tibenelast,CP-80633 and quinazolinediones such as CP-77059. 

"Beta-2 adrenoreceptor agonist" refers to an agent that stimulates the beta-2 

15 adrenergic receptor. Examples of beta-2 adrenoreceptor agonists are known in the art 
and include salmeterol, fenoterol and isoproterenol. 

The term "administering" to a subject includes dispensing, delivering or applying 
an active compound in a pharmaceutical formulation to a subject by any suitable route 
for delivery of the active compound to the desired location in the subject, including 

20 delivery by either the parenteral or oral route, intramuscular injection, 

subcutaneous/intradermal injection, intravenous injection, buccal administration, 
transdermal delivery and administration by the rectal, colonic, vaginal, intranasal or 
respiratory tract route. 

As used herein, the language "contacting" is intended to include both in vivo or in 

25 vitro methods of bringing a compound of the invention into proximity with a neuron 
such that the compound can exert a neurosalutary effect on the neuron. 

As used herein, the term "effective amount" includes an amount effective, at 
dosages and for periods of time necessary, to achieve the desired result, such as 
sufficient to produce a neurosalutary effect in a subject. An effective amount of an 

30 active compound as defined herein may vary according to factors such as the disease 
state, age, and weight of the subject, and the ability of the active compound to elicit a 
desired response in the subject. Dosage regimens may be adjusted to provide the 
optimum therapeutic response. An effective amount is also one in which any toxic or 
detrimental effects of the active compound are outweighed by the therapeutically 

35 beneficial effects. 

A therapeutically effective amount or doasage of an active may range from about 
0.001 to 30 mg/kg body weight, with other ranges of the invention including about 0.01 
to 25 mg/kg body weight, about 0.1 to 20 mg/kg body weight, about 1 to 10 mg/kg, 2 to 
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9 mg/kg, 3 to 8 mg/kg, 4 to 7 mg/kg, and 5 to 6 mg/kg body weight. The skilled artisan 
will appreciate that certain factors may influence the dosage required to effectively treat 
a subject, including but not limited to the severity of the disease or disorder, previous 
treatments, the general health and/or age of the subject, and other diseases present. 
5 Moreover, treatment of a subject with a therapeutically effective amount of an active 
compound can include a single treatment or a series of treatments. In one example, a 
subject is treated with an active compound in the range of between about 0.1 to 20 
mg/kg body weight, one time per week for between about 1 to 10 weeks, alternatively 
between 2 to 8 weeks, between about 3 to 7 weeks, or for about 4, 5, or 6 weeks. It will 
10 also be appreciated that the effective dosage of an active compound used for treatment 
may increase or decrease over the course of a particular treatment. 

The term "subject" is intended to include animals. In particular embodiments, 
the subject is a mammal, a human or nonhuman primate, a dog, a cat, a horse, a cow or a 
rodent. 

15 "Neurological disorder" is intended to include a disease, disorder, or condition 

which directly or indirectly affects the normal functioning or anatomy of a subject's 
nervous system. Elements of the nervous system subject to disorders which may be 
effectively treated with the compounds and methods of the invention include the central, 
peripheral, somatic, autonomic, sympathetic and parasympathetic components of the 

20 nervous system, neurosensory tissues within the eye, ear, nose, mouth or other organs, as 
well as glial tissues associated with neuronal cells and structures. Neurological disorders 
may be caused by an injury to a neuron, such as a mechanical injury or an injury due to a 
toxic compound, by the abnormal growth or development of a neuron, or by the 
misregulation (such as downregulation or upregulation) of an activity of a neuron. 

25 Neurological disorders can detrimentally affect nervous system functions such as the 
sensory function (the ability to sense changes within the body and the outside 
environment); the integrative function (the ability to interpret the changes); and the 
motor function (the ability to respond to the interpretation by initiating an action such as 
a muscular contraction or glandular secretion). Examples of neurological disorders 

30 include traumatic or toxic injuries to peripheral or cranial nerves, spinal cord or to the 
brain, cranial nerves, traumatic brain injury, stroke, cerebral aneurism, and spinal cord 
injury. Other neurological disorders include cognitive and neurodegenerative disorders 
such as Alzheimer's disease, dementias related to Alzheimer's disease (such as Pick's 
disease), Parkinson's and other Lewy diffuse body diseases, senile dementia, 

35 Huntington's disease, Gilles de la Tourette's syndrome, multiple sclerosis, amyotrophic 
lateral sclerosis, hereditary motor and sensory neuropathy (Charcot-Marie-Tooth 
disease), diabetic neuropathy, progressive supranuclear palsy, epilepsy, and Jakob- 
Creutzfieldt disease. Autonomic function disorders include hypertension and sleep 
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disorders. Also to be treated with compounds and methods of the invention are 
neuropsychiatric disorders such as depression, schizophrenia, schizoaffective disorder, 
Korsakoff's psychosis, mania, anxiety disorders, or phobic disorders, learning or 
memory disorders (such as amnesia and age-related memory loss), attention deficit 
5 disorder, dysthymic disorder, major depressive disorder, mania, obsessive-compulsive 
disorder, psychoactive substance use disorders, anxiety, phobias, panic disorder, bipolar 
affective disorder, psychogenic pain syndromes, and eating disorders. Other examples 
of neurological disorders include injuries to the nervous system due to an infectious 
disease (such as meningitis, high fevers of various etiologies, HIV, syphilis, or post- 
10 polio syndrome) and injuries to the nervous system due to electricity (including contact 
with electricity or lightning, and complications from electro-convulsive psychiatric 
therapy). The developing brain is a target for neurotoxicity in the developing central 
nervous system through many stages of pregnancy as well as during infancy and early 
childhood, and the methods of the invention may be utilized in preventing or treating 
1 5 neurological deficits in embryos or fetuses in utero, in premature infants, or in children 
with need of such treatment, including those with neurological birth defects. Further 
neurological disorders include, for example, those listed in Harrison's Principles of 
Internal Medicine (Braunwald et al., McGraw-Hill, 2001) and in the American 
Psychiatric Association's Diagnostic and Statistical Manual of Mental Disorders DSM- 
20 IV (American Psychiatric Press, 2000) both incorporated herein by reference in their 
entirety. 

The term "stroke" is art recognized and is intended to include sudden diminution 
or loss of consciousness, sensation, and voluntary motion caused by rupture or 
obstruction (for example, by a blood clot) of an artery of the brain. 

25 "Traumatic brain injury" is art recognized and is intended to include the 

condition in which, a traumatic blow to the head causes damage to the brain or 
connecting spinal cord, often without penetrating the skull. Usually, the initial trauma 
can result in expanding hematoma, subarachnoid hemorrhage, cerebral edema, raised 
intracranial pressure, and cerebral hypoxia, which can, in turn, lead to severe secondary 

30 events due to low cerebral blood flow. 

The term "outgrowth" includes the process by which axons or dendrites extend 
from a neuron. The outgrowth can result in a new neuritic projection or in the extension 
of a previously existing cellular process. Axonal outgrowth may include linear 
extension of an axonal process by 5 cell diameters or more. Neuronal growth processes, 

35 including neuritogenesis, can be evidenced by GAP-43 expression detected by methods 
such as immunostaining. "Modulating axonal outgrowth" means stimulating or 
inhibiting axonal outgrowth to produce salutatory effects on a targeted neurological 
disorder. 
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The term "CNS neurons" is intended to include the neurons of the brain, the 
cranial nerves and the spinal cord. 

Various aspects of the invention are described in further detail in the following 
5 subsections: 

Pharmaceutically Acceptable Formulations 

Pharmaceutical compositions and packaged formulations comprising a 
macrophage-derived factor and a pharmaceutically acceptable carrier are also provided 

10 by the invention. These pharmaceutical compositions may also include an axogenic 
factor and/or a cAMP modulator. 

In a method of the invention, the macrophage-derived factor, optionally in 
conjunction with an axogenic factor and/or a cAMP modulator, can be administered in a 
pharmaceutically acceptable formulation. Such pharmaceutically acceptable formulation 

15 may include the macrophage-derived factor as well as a pharmaceutically acceptable 
carrier(s) and/or excipient(s). As used herein, "pharmaceutically acceptable carrier" 
includes any and all solvents, dispersion media, coatings, antibacterial and anti fungal 
agents, isotonic and absorption delaying agents, and the like that are physiologically 
compatible. For example, the carrier can be suitable for injection into the cerebrospinal 

20 fluid. Excipients include pharmaceutically acceptable stabilizers and disintegrants. The 
present invention pertains to any pharmaceutically acceptable formulations, including 
synthetic or natural polymers in the form of macromolecular complexes, nanocapsules, 
microspheres, or beads, and lipid-based formulations including oil-in-water emulsions, 
micelles, mixed micelles, synthetic membrane vesicles, and resealed erythrocytes. 

25 In one embodiment, the pharmaceutically acceptable formulations comprise a 

polymeric matrix. The terms "polymer" or "polymeric" are art-recognized and include a 
structural framework comprised of repeating monomer units which is capable of 
delivering a macrophage-derived factor such that treatment of a targeted condition, such 
as a neurological disorder, occurs. The terms also include co-polymers and 

30 homopolymers such as synthetic or naturally occurring. Linear polymers, branched 
polymers, and cross-linked polymers are also meant to be included. 

For example, polymeric materials suitable for forming the pharmaceutically 
acceptable formulation employed in the present invention, include naturally derived 
polymers such as albumin, alginate, cellulose derivatives, collagen, fibrin, gelatin, and 

35 polysaccharides, as well as synthetic polymers such as polyesters (PL A, PLGA), 

polyethylene glycol, poloxomers, polyanhydrides, and pluronics. These polymers are 
biocompatible with the nervous system, including the central nervous system, they are 
biodegradable within the central nervous system without producing any toxic byproducts 
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of degradation, and they possess the ability to modify the manner and duration of the 
active compound release by manipulating the polymer's kinetic characteristics. As used 
herein, the term "biodegradable" means that the polymer will degrade over time by the 
action of enzymes, by hydrolytic action and/or by other similar mechanisms in the body 
5 of the subject. As used herein, the term "biocompatible" means that the polymer is 
compatible with a living tissue or a living organism by not being toxic or injurious and 
by not causing an immunological rejection. Polymers can be prepared using methods 
known in the art. 

The polymeric formulations can be formed by dispersion of the active compound 

10 within liquefied polymer, as described in U.S. Pat. No. 4,883,666, the teachings of 

which are incorporated herein by reference or by such methods as bulk polymerization, 
interfacial polymerization, solution polymerization and ring polymerization as described 
in Odian G., Principles of Polymerization and ring opening polymerization, 2nd ed., 
John Wiley & Sons, New York, 1981, the contents of which are incorporated herein by 

1 5 reference. The properties and characteristics of the formulations are controlled by 

varying such parameters as the reaction temperature, concentrations of polymer and the 
active compound, the types of solvent used, and reaction times. 

The active therapeutic compound can be encapsulated in one or more 
pharmaceutically acceptable polymers, to form a microcapsule, microsphere, or 

20 microparticle, terms used herein interchangeably. Microcapsules, microspheres, and 

microparticles are conventionally free-flowing powders consisting of spherical particles 
of 2 millimeters or less in diameter, usually 500 microns or less in diameter. Particles 
less than 1 micron are conventionally referred to as nanocapsules, nanoparticles or 
nanospheres. For the most part, the difference between a microcapsule and a 

25 nanocapsule, a microsphere and a nanosphere, or microparticle and nanoparticle is size; 
generally there is little, if any, difference between the internal structure of the two. In 
one aspect of the present invention, the mean average diameter is less than about 45 um, 
preferably less than 20 jam, and more preferably between about 0.1 and 10 um. 

In another embodiment, the pharmaceutically acceptable formulations comprise 

30 lipid-based formulations. Any of the known lipid-based drug delivery systems can be 
used in the practice of the invention. For instance, multivesicular liposomes, 
multilamellar liposomes and unilamellar liposomes can all be used so long as a sustained 
release rate of the encapsulated active compound can be established. Methods of making 
controlled release multivesicular liposome drug delivery systems are described in PCT 

35 Application Serial Nos. US96/1 1642, US94/12957 and US94/04490, the contents of 
which are incorporated herein by reference. 
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The composition of the synthetic membrane vesicle is usually a combination of 
phospholipids, usually in combination with steroids, especially cholesterol. Other 
phospholipids or other lipids may also be used. 

Examples of lipids useful in synthetic membrane vesicle production include 
5 phosphatidylglycerols, phosphatidylcholines, phosphatidylserines, 

phosphatidylethanolamines, sphingolipids, cerebrosides, and gangliosides, with 
preferable embodiments including egg phosphatidylcholine, 
dipalmitoylphosphatidylcholine, distearoylphosphatidylcholine, 
dioleoylphosphatidylcholine, dipalmitoylphosphatidylglycerol, and 
10 dioleoylphosphatidylglycerol. 

In preparing lipid-based vesicles containing an active compound such variables 
as the efficiency of active compound encapsulation, lability of the active compound, 
homogeneity and size of the resulting population of vesicles, active compound-to-lipid 
ratio, permeability, instability of the preparation, and pharmaceutical acceptability of the 
15 formulation should be considered. 

Prior to introduction, the formulations can be sterilized, by any of the umerous 
available techniques of the art, such as with gamma radiation or electron beam 
sterilization. 

20 Administration of the Pharmaceutically Acceptable Formulation 

The pharmaceutically acceptable formulations of the invention are administered 
such that the active compound comes into contact with a subject's nervous system to 
thereby produce a neurosalutary effect. Both local and systemic administration of the 
formulations are contemplated by the invention. Desirable features of local 

25 administration include achieving effective local concentrations of the active compound 
as well as avoiding adverse side effects from systemic administration of the active 
compound. In one embodiment, the active compound is administered by introduction 
into the cerebrospinal fluid of the subject. In certain aspects of the invention, the active 
compound is introduced into a cerebral ventricle, the lumbar area, or the cisterna magna. 

30 In another aspect, the active compound is introduced locally, such as into the site of 

nerve or cord injury, into a site of pain or neural degeneration, or intraocular ly to contact 
neuroretinal cells. 

The pharmaceutically acceptable formulations can be suspended in aqueous 
vehicles and introduced through conventional hypodermic needles or using infusion 
35 pumps. 

In one embodiment, the active compound formulation described herein is 
administered to the subject in the period from the time of, for example, an injury to the 
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CNS up to about 100 hours after the injury has occurred, for example within 24, 12, or 6 
hours from the time of injury. 

In another embodiment of the invention, the active compound formulation is 
administered into a subject intrathecally. As used herein, the term "intrathecal 
5 administration" is intended to include delivering an active compound formulation 
directly into the cerebrospinal fluid of a subject, by techniques including lateral 
cerebro ventricular injection through a burrhole or cisternal or lumbar puncture or the like 
(described in Lazorthes et al. Advances in Drug Delivery Systems and Applications in 
Neurosurgery, 143-192 and Omaya et al, Cancer Drug Delivery, 1: 169-179, the 

10 contents of which are incorporated herein by reference). The term "lumbar region" is 
intended to include the area between the third and fourth lumbar (lower back) vertebrae. 
The term "cisterna magna" is intended to include the area where the skull ends and the 
spinal cord begins at the back of the head. The term "cerebral ventricle" is intended to 
include the cavities in the brain that are continuous with the central canal of the spinal 

15 cord. Administration of an active compound to any of the above mentioned sites can be 
achieved by direct injection of the active compound formulation or by the use of infusion 
pumps. Implantable or external pumps and catheter may be used. 

For injection, the active compound formulation of the invention can be 
formulated in liquid solutions, preferably in physiologically compatible buffers such as 

20 Hank's solution or Ringer's solution. In addition, the active compound formulation may 
be formulated in solid form and re-dissolved or suspended immediately prior to use. 
Lyophilized forms are also included. The injection can be, for example, in the form of a 
bolus injection or continuous infusion (such as using infusion pumps) of the active 
compound formulation. 

25 In one embodiment of the invention, the active compound formulation is 

administered by lateral cerebro ventricular injection into the brain of a subject, preferably 
within 1 00 hours of when an injury (resulting in a condition characterized by aberrant 
axonal outgrowth of central nervous system neurons) occurs (such as within 6, 12, or 24 
hours of the time of the injury). The injection can be made, for example, through a burr 

30 hole made in the subject's skull. In another embodiment, the formulation is administered 
through a surgically inserted shunt into the cerebral ventricle of a subject, preferably 
within 100 hours of when an injury occurs (such as within 6, 12 or 24 hours of the time 
of the injury). For example, the injection can be made into the lateral ventricles, which 
are larger, even though injection into the third and fourth smaller ventricles can also be 

35 made. In yet another embodiment, the active compound formulation is administered by 
injection into the cisterna magna, or lumbar area of a subject, preferably within 100 
hours of when an injury occurs (such as within 6, 12, or 24 hours of the time of the 
injury). 
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An additional means of administration to intracranial tissue involves application 
of compounds of the invention to the olfactory epithelium, with subsequent transmission 
to the olfactory bulb and transport to more proximal portions of the brain. Such 
administration can be by nebulized or aerosolized preparations. 
5 In another embodiment of the invention, the active compound formulation is 

administered to a subject at the site of injury, preferably within 100 hours of when an 
injury occurs (such as within 6, 12, or 24 hours of the time of the injury). 

Duration and Levels of administration 

10 In a preferred embodiment of the method of the invention, the active compound 

is administered to a subject for an extended period of time to produce a neurosalutary 
effect, such as effect modulation of axonal outgrowth. Sustained contact with the active 
compound can be achieved by, for example, repeated administration of the active 
compound over a period of time, such as one week, several weeks, one month or longer. 

1 5 More preferably, the pharmaceutical^ acceptable formulation used to administer the 
active compound provides sustained delivery, such as "slow release" of the active 
compound to a subject. For example, the formulation may deliver the active compound 
for at least one, two, three, or four weeks after the pharmaceutically acceptable 
formulation is administered to the subject. Preferably, a subject to be treated in 

20 accordance with the present invention is treated with the active compound for at least 30 
days (either by repeated administration or by use of a sustained delivery system, or 
both). 

As used herein, the term "sustained delivery" is intended to include continual 
delivery of the active compound in vivo over a period of time following administration, 

25 preferably at least several days, a week, several weeks, one month or longer. Sustained 
delivery of the active compound can be demonstrated by, for example, the continued 
therapeutic effect of the active compound over time (such as sustained delivery of the 
macrophage-derived factor can be demonstrated by continued production of a 
neurosalutary effect in a subject). Alternatively, sustained delivery of the active 

30 compound may be demonstrated by detecting the presence of the active compound in 
vivo over time. 

Preferred approaches for sustained delivery include use of a polymeric capsule, a 
minipump to deliver the formulation, a bioerodible implant, or implanted transgenic 
autologous cells (as described in U.S. Patent No. 6,214,622). Implantable infusion 
35 pump systems (such as Infusaid; see such as Zierski, J. et al. (1988) Acta Neurochem. 
Suppl. 43:94-99; Kanoff, R.B. (1994) J. Am. Osteopath. Assoc. 94:487-493) and osmotic 
pumps (sold by Alza Corporation) are available in the art. Another mode of 
administration is via an implantable, externally programmable infusion pump. Suitable 
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infusion pump systems and reservoir systems are also described in U.S. Patent No. 5, 
368,562 by Blomquist and U.S. Patent No. 4,731,058 by Doan, developed by Pharmacia 
Deltec Inc. 

It is to be noted that dosage values may vary with the severity of the condition to 
5 be alleviated. It is to be further understood that for any particular subject, specific 
dosage regimens should be adjusted over time according to the individual need and the 
professional judgment of the person administering or supervising the administration of 
the active compound and that dosage ranges set forth herein are exemplary only and are 
not intended to limit the scope or practice of the claimed invention. 

1 0 The invention, in another embodiment, provides a pharmaceutical composition 

consisting essentially of a macrophage derived factor and a pharmaceutically acceptable 
carrier, as well as methods of use thereof to modulate axonal outgrowth by contacting 
CNS neurons with the composition. By the term "consisting essentially of is meant that 
the pharmaceutical composition does not contain any other modulators of neuronal 

1 5 growth such as, for example, nerve growth factor (NGF). In one embodiment, the 

pharmaceutical composition of the invention can be provided as a packaged formulation. 
The packaged formulation may include a pharmaceutical composition of the invention in 
a container and printed instructions for administration of the composition for producing 
a neurosalutary effect in a subject having a neurological disorder. Use of a macrophage 

20 derived factor in the manufacture of a medicament for modulating the axonal outgrowth 
of neurons is also encompassed by the invention. 

In vitro Treatment of CNS Neurons 

Neurons derived from the central or peripheral nervous system can be contacted 

25 with a macrophage-derived factor (alone or in combination with an axogenic factor 

and/or a cAMP modulator) in vitro to modulate axonal outgrowth in vitro. Accordingly, 
neurons can be isolated from a subject and grown in vitro, using techniques well known 
in the art, and then treated in accordance with the present invention to modulate axonal 
outgrowth. Briefly, a neuronal culture can be obtained by allowing neurons to migrate 

30 out of fragments of neural tissue adhering to a suitable substrate (such as a culture dish) 
or by disaggregating the tissue, such as mechanically or enzymatically, to produce a 
suspension of neurons. For example, the enzymes trypsin, collagenase, elastase, 
hyaluronidase, DNase, pronase, dispase, or various combinations thereof can be used. 
Methods for isolating neuronal tissue and the disaggregation of tissue to obtain isolated 

35 cells are described in Freshney, Culture of Animal Cells, A Manual of Basic Technique, 
Third Ed., 1994, the contents of which are incorporated herein by reference. 

Such cells can be subsequently contacted with a macrophage-derived factor 
(alone or in combination with an axogenic factor and/or a cAMP modulator) in amounts 
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and for a duration of time as described above. Once modulation of axonal outgrowth has 
been achieved in the neurons, these cells can be re-administered to the subject, such as 
by implantation. 

5 Screening Assays 

The ability of a macrophage-derived factor (alone or in combination with an 
axogenic factor and/or a cAMP modulator) to produce a neurosalutary effect in a subject 
may be assessed using any of a variety of known procedures and assays. For example, 
the ability of a macrophage-derived factor (alone or in combination with an axogenic 

10 factor and/or a cAMP modulator) to re-establish neural connectivity and/or function after 
an injury, such as a CNS injury, may be determined histologically (either by slicing 
neuronal tissue and looking at neuronal branching, or by showing cytoplasmic transport 
of dyes). The ability of compounds of the invention to re-establish neural connectivity 
and/or function after an injury, such as a CNS injury, may also be assessed by 

1 5 monitoring the ability of the macrophage-derived factor (alone or in combination with an 
axogenic factor and/or a cAMP modulator) to fully or partially restore the 
electroretinogram after damage to the neural retina or optic nerve; or to fully or partially 
restore a pupillary response to light in the damaged eye. 

Other tests that may be used to determine the ability of a macrophage-derived 

20 factor (alone or in combination with an axogenic factor and/or a cAMP modulator) to 

produce a neurosalutary effect in a subject include standard tests of neurological function 
in human subjects or in animal models of spinal injury (such as standard reflex testing, 
urologic tests, urodynamic testing, tests for deep and superficial pain appreciation, 
proprioceptive placing of the hind limbs, ambulation, and evoked potential testing). In 

25 addition, nerve impulse conduction can be measured in a subject, such as by measuring 
conduct action potentials, as an indication of the production of a neurosalutary effect. 

Animal models suitable for use in the assays of the present invention include the 
rat model of partial transection (described in Weidner et al. (2001) Proc. Natl. Acad. 
Sci. USA 98:3513-3518). This animal model tests how well a compound can enhance 

30 the survival and sprouting of the intact remaining fragment of an almost fully -transected 
cord. Accordingly, after administration of the macrophage-derived factor (alone or in 
combination with an axogenic factor and/or a cAMP modulator) these animals may be 
evaluated for recovery of a certain function, such as how well the rats may manipulate 
food pellets with their forearms (to which the relevant cord had been cut 97%). 

35 Another animal model suitable for use in the assays of the present invention 

includes the rat model of stroke (described in Kawamata et al. (1997) Proc. Natl. Acad. 
Sci. USA 94(15):8179-8184). This paper describes in detail various tests that may be 
used to assess sensorimotor function in the limbs as well as vestibulomotor 
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function after an injury. Administration to these animals of the compounds of the 
invention can be used to assess whether a given compound, route of administration, or 
dosage provides a neurosalutary effect, such as increasing the level of function, or 
increasing the rate of regaining function or the degree of retention of function in the test 
5 animals. 

Standard neurological evaluations used to assess progress in human patients after 
a stroke may also be used to evaluate the ability of a macrophage-derived factor (alone 
or in combination with an axogenic factor and/or a cAMP modulator) to produce a 
neurosalutary effect in a subject. Such standard neurological evaluations are routine in 
1 0 the medical arts, and are described in, for example, "Guide to Clinical Neurobiology" 
Edited by Mohr and Gautier (Churchill Livingstone Inc. 1995). 

For assessing function of the peripheral nervous system, standard tests include 
electromyography, nerve conduction velocity measurements, evoked potentials 
assessment and upper/lower extremity somato-sensory evoked potentials. . 

1 5 Electromyography tests record the electrical activity in muscles, and is used to assess the 
function of the nerves and muscles. The electrode is inserted into a muscle to record its 
electrical activity. It records activity during the insertion, while the muscle is at rest, and 
while the muscle contracts. The nerve conduction velocity test evaluates the health of 
the peripheral nerve by recording how fast an electrical impulse travels through it. A 

20 peripheral nerve transmits information between the spinal cord and the muscles. A 
number of nervous system diseases may reduce the speed of this impulse. Electrodes 
placed on the skin detect and record the electrical signal after the impulse travels along 
the nerve. A second stimulating electrode is sends a small electrical charge along the 
nerve;the time between the stimulation and response will be recorded to determine how 

25 quickly and thoroughly the impulse is sent. 

Standard tests for function of the cranial nerves, as known to those skilled in the 
neurological medical art, include facial nerve conduction studies; orbicularis oculi 
reflex studies (blink reflex studies); trigeminal-facial nerve reflex evaluation as used in 
focal facial nerve lesions, Bell's palsy, trigeminal neuralgia and atypical facial pain; 
30 evoked potentials assessment; visual, brainstem and auditory evoked potential 

measurements; thermo-diagnostic small fiber testing; and computer-assisted qualitative 
sensory testing. 

The invention is further illustrated by the following examples, which should not 
be construed as further limiting. The contents of all references, patents and published 
35 patent applications cited throughout this application are hereby incorporated by 
reference. 
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Examples 

The following materials and methods were used in the Examples described 

herein. 

5 

Optic nerve surgery and intraocular injections 

Surgical procedures were based upon those described previously (Berry et al., 
1996), and were approved by the Children's Hospital Animal Care and Use Committee. 
Adult male Fisher rats (Charles River Laboratories, Wilmington, MA), 250-350 g, were 

10 kept in a pathogen-controlled environment in standard cages and were allowed to feed 
ad libitum. Animals were sedated by Methoxyflurane inhalation (Schering-Plough, 
Union, NJ) and anesthetized with an intraperitoneal injection of Ketamine (60-80 mg/kg: 
Phoenix Pharmaceutical, St. Joseph, MO) and Xylazine (10-15 mg/kg: Bayer, Shawnee 
Mission, KA). After the head was shaved, rats were positioned in a stereotaxic apparatus 

15 (Kopf Instruments, Tujunga, CA) and a 1-1 .5 cm incision was made in the skin above 
the right orbit. Under microscopic illumination, the lacrimal glands and extraocular 
muscles were resected to expose 3-4 mm of the optic nerve. The epineurium was slit 
open along the long axis and the nerve was crushed 2 mm behind the eye with angled 
jeweler's forceps (Dumont # 5) for 10 seconds, avoiding injury to the ophthalmic artery. 

20 Nerve injury was verified by the appearance of a clearing at the crush site, while the 
vascular integrity of the retina was evaluated by fundoscopic examination. Cases in 
which the vascular integrity of the retina was in question were excluded from the study. 
For intraocular injections, the globe was retracted with a mosquito snap to expose its 
posterior aspect. In some cases, injections were made through the sclera and retina with a 

25 30G needle 1-2 mm superior to the optic nerve head, inserting the tip of the needle 
perpendicular to the axis of the nerve to a depth of 2 mm without infringing upon the 
lens (minimally invasive injection); in other cases, the tip of the needle was bent at a 90° 
angle and inserted into the eye 2 mm above the nerve head, perpendicular to the sclera, 
to intentionally puncture the lens surface. Lens injury was confirmed by direct 

30 visualization through the cornea; further verification of lens injury was an opacification 
that occurred within 1 week. Injection volumes were 5 ul using saline as a vehicle; in 
some cases, we examined the effects of needle puncture alone without injections. 
Survival times ranged from 1 to 40 days. 

Groups included controls with no surgery (N = 3), animals with lens puncture but 

35 no nerve crush (N — 11), animals with nerve crush and either no intraocular surgery (N = 
24) or a single puncture of the lens (N = 24); animals with nerve crush and an anterior 
lens puncture at the limbus (N = 4) or with multiple posterior punctures of the lens (N = 
3); animals with nerve crush and a single injection (via a posterior approach) of either 
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recombinant rat CNTF (5 ng/ml, Alamone Labs, Jerusalem, Israel, N = 5; or 10 fig/ml, 
Promega Labs, N = 5), an anti-rat CNTF polyclonal antibody (20 ug/ml, R&D Systems, 
Minneapolis, MN, N = 4), basic fibroblast growth factor (5 (ig/ml, kindly provided by 
Dr. Patricia D'Amore, Children's Hospital Boston, MA: N = 3), anti-bovine basic FGF 
(1-5 mg/ml, Upstate Biotechnology, Lake Placid, NY, N = 4), anti-BDNF (R&D, mouse 
monoclonal, 5 mg/ml, N = 4) or 0.9% NaCl (N = 4). Animals showing signs of 
intravitreal hemorrhage after puncture were excluded. 

Sciatic nerve implants 

Pre-degenerated peripheral nerve fragments were obtained by performing a crush 
injury on the peroneal branch of the sciatic nerve in 4 rats. Four days later, rats were 
killed with an overdose of Ketamine plus Xylazine, and the portion of the nerve distal to 
the crush site was dissected out. As described previously (Berry et al., 1996), sections of 
sciatic nerve c. 1 mm in length were implanted into host animals which had undergone 
optic nerve surgery as described above (N = 5). Fragments were inserted by cutting a 
small radial slit through the sclera and implanting a single piece of tissue into the 
vitreous, taking care to avoid injuring the lens. 

Preparation for histology 

At survival times ranging from 1 to 40 days, animals were given a lethal 
overdose of anesthesia and perfused through the heart with ice-cold PBS with heparin 
(10,OOOU in 100 ml) followed by 4% paraformaldehyde in PBS (100 ml). Eyes with 
nerve segments up to the optic chiasm still attached were dissected free from connective 
tissue, postfixed overnight in 4% paraformaldehyde (4° C) and transferred to a 30% 
sucrose solution overnight with constant rocking (4° C). Frozen sections (15 urn 
thickness) were cut longitudinally on a cryostat, thaw-mounted onto coated glass slides 
(Superfrost Plus, Fisher), and stored at -80° C until further use. 

Immunohistochemistry 

Sections were stained with antibodies to visualize either the neuronal growth- 
associated protein GAP-43; glial fibrillary acidic protein (GFAP); ED-1, a marker for 
activated cells of monocyte lineage; or myelin basic protein (MBP). GAP-43 was 
visualized using the IgG fraction of an antibody prepared in sheep (Benowitz et al., 
1988), followed by either a biotin- or fluorescein-conjugated secondary antibody. In the 
former case, sections were preincubated with 0.3% H 2 O z in 100% methanol (30 min), 
blocked with 5% rabbit serum in TBS, pH 7.4 (1 hr), and incubated in the primary 
antibody at a 1 :50,000 dilution (in TBS containing 300 mM NaCl, 2% BSA, and 0.1% 
Tween-20: TBS 2 T) overnight (4° C, constant rocking). Sections were rinsed (3X over a 4 
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hr period in TBS 2 T), incubated in biotinylated rabbit anti-sheep IgG (1 :250 in TBS 2 T: 
Vector Labs, Burlingame, CA), rinsed 3X, and reacted with avidin-biotin-HRP complex 
for 1 hour (following the manufacturer's protocol: Vector Labs) followed by 
diaminobenzidine (DAB) enhanced with NiCl 2 (Vector Labs). In cases in which GAP-43 

5 was visualized by immunofluorescence, similar conditions were used except that the 
primary antibody was diluted 1 :2500 and the secondary antibody was a fluorescein- 
conjugated anti-sheep IgG made in rabbit (1 :500, Vector Labs). In cases in which GAP- 
43 was visualized together with other antigens, we used a mouse monoclonal anti-GAP- 
43 antibody (clone 9-1E12, 1:250 dilution, Boehringer-Mannheim) followed by a 

10 fluorescein-conjugated anti-mouse IgG made in horse (Vector, 1 :500). 

Immunofluore scent sections were covered using Vectashield (Vector) as a 
mounting medium. To visualize changes in Mtiller cells, we used a rabbit anti-GFAP 
antibody (Sigma, 1 :7500) and a biotinylated goat anti-rabbit IgG (1 :500). Reactive 
macrophages were detected with the ED-1 antibody (Serotec, 1:200 dilution) and 

1 5 biotinylated horse anti-mouse IgG (Vector, 1 :500). Myelin was visualized in the optic 
nerve using a rabbit anti-MBP antibody (1 :25, Zymed Labs) followed by a Texas red- 
conjugated goat anti-rabbit IgG (1 :500, Vector). 

Quantitation of axon growth 

20 Axon growth was quantified by counting the number of GAP-43-positive axons 

extending 0.5 mm and 1 mm from the end of the crush site in 4 sections per case. The 
cross-sectional width of the nerve was measured at the point at which the counts were 
taken, and was used to calculate the number of axons per mm nerve width. The number 
of axons/mm was then averaged over the 4 sections. Za d , the total number of axons 

25 extending distance J in a nerve having a radius of r, was estimated by summing over all 
sections having a thickness t (= 15 jam): 

Zad = tu-2 x [average axons/mm]/ 1 

Anterograde labeling 

30 We used cholera toxin B fragment (CTB) as an anterograde tracer to verify that 

axons visualized in the distal optic nerve originated in RGCs. Animals that underwent 
nerve crush, either with or without lens puncture, were injected with CTB (2.5 ng/ul in 5 

PBS) 20 days after the original surgery. Animals were euthanized and prepared for 
histology the following day as described above. Slide-mounted sections were reacted 

35 with an antibody to CTB (made in goat; List Biological Lab, 1 :40,000 dilution), 

followed by a rabbit anti-goat IgG secondary antibody (Vector, 1 :500 dilution). In some 
cases, GAP-43 and CTB were examined together, using a monoclonal anti-GAP-43 
antibody made in mouse and the goat anti-CTB antibody (1 :250), followed with the 
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appropriate secondary antibodies conjugated to fluorescein and Texas red, respectively 
(Vector, 1:500). 

Quantitation of cell survival 
5 For cell survival studies, RGCs were retrogradely labeled with Fluorogold 

(Molecular Probes) 7 days prior to nerve crush. Rats were anesthetized as above, a 
midline incision was made in the scalp, and a bone flap was opened above the occipital 
cortex. Posterior cortex was vacuum-aspirated and multiple injections of Fluorogold (5 
ug/ml in PBS containing 1% DMSO, 1 ul per injection) were made into the superior 
10 colliculi (depth c. 1 mm). Gelfoam (1 mm 3 , Upjohn) soaked in the same Fluorogold 
solution was inserted over the colliculus. One week later, animals received an optic 
nerve crush combined with either a lens puncture or a minimally invasive intraocular 
injection. Normal controls (N = 5) were labeled to obtain baseline values of RGC 
density. 

15 Twenty one days after nerve crush and intraocular injections (i.e., 28 days after 

Fluorogold labeling), animals were euthanized with an overdose of Ketamine plus 
Xylazine and the retinas were dissected without fixation. After making a radial slit, each 
retina was placed on a nylon filter attached to a microscope slide, overlaid with filter 
paper soaked in 4% paraformaldehyde (in PBS), and held down with weights on the 

20 edges for 1 hr. Retinas were then removed from the filters, flat-mounted, and covered 
using Vectashield. Under fluorescent illumination (X200 magnification), 6 regions, 
radially distributed at 1 and 2 mm from the optic nerve head, were counted for labeled 
RGCs using a 10 x 10 grid (0.16 mm 2 ). Counts were averaged across the 6 regions. 

25 Western blotting for GAP-43 and GFAP 

Fourteen days after optic nerve crush, unfixed retinas were freshly dissected and 
solubilized in 100 ul of 2X SDS-PAGE sample buffer (O'Farrell, 1975). Samples were 
balanced for protein content and separated by SDS-PAGE in mini-gels (Bio-Rad). 
Proteins were transferred to PVDF membranes (0.45 um pore, Millipore) and probed 

30 using antibodies to either GAP-43 or GFAP. In the former case, the staining protocol 
closely followed that used for tissue, except that the concentration of monoclonal anti- 
GAP-43 antibody (Boehringer) was 1:1000; in the case of GFAP, the primary antibody 
was used at a concentration of 1 :5000. Secondary antibodies were HRP-conjugated; 
immunoreactivity was detected with ECL reagent (Amersham Life Science) and 

35 fluorography. 
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Several methods were attempted to stimulate macrophages in the eye without 
puncturing the lens. These included injecting interferon-y (IFN-y, GibcoBRL, 5000 U in 
5 ul; N = 5) at a dosage sufficient to activate monocytes throughout the nervous system 
(Sethna and Lampson, 1991); or Zymosan (625 ug in 5 ul, Sigma; N = 5), a yeast cell 
5 wall preparation (Fitch et al, 1999; Lombard et al., 1994; Ross and Vetvicka, 1993; 
Stewart and Weir, 1989). We also introduced activated macrophages, obtained from 
donor animals by injecting Ca 2+ - and Mg 2+ - free buffer containing 0.025% trypsin and 2 
mM EDTA into the peritoneal cavity as described (Smith and Hale, 1 997); after 3 min, 
the cavity was opened, fluid was removed and added to DMEM (Sigma) containing 1% 

1 0 fetal bovine serum (Gemini). Cells were collected by centrifugation, resuspended in the 
same medium, plated in culture dishes, and incubated 4 hr. After washing off 
nonadherent cells, the remaining cells were removed with trypsin, added to culture 
media, collected by centrifugation, and washed with saline. The presence of activated 
macrophages was verified by staining cells with ED-1 and OX-42 antibodies (Serotec). 

15 Approximately 10 5 macrophages were injected into a host vitreous, with care taken to 
avoid injuring the lens (N = 4). To suppress macrophage activation after lens puncture, 
we used the tripeptide MIF (estd. final cone, in eye 50 uM; Sigma, N = 6), Ciglitazone 
(estd. final cone, in eye, 75 uM; Biomol, Plymouth Meeting, PA, N = 4), or 
prostaglandin J2 (estd. final cone, in eye, 80 uM; Calbiochem, N = 3). 

20 

EXAMPLE 1: Axonal Outgrowth 

In mature mammals, retinal ganglion cells (RGCs) are unable to regenerate their 
25 axons after optic nerve injury and soon undergo apoptotic cell death. However, as 
demonstrated in the following example, a small puncture wound to the lens enhanced 
RGC survival and enabled these cells to regenerate their axons into the normally 
inhibitory environment of the optic nerve. Even when the optic nerve was intact, lens 
injury stimulated macrophage infiltration into the eye, Miiller cell activation, and 
30 increased GAP -43 expression in ganglion cells across the entire retina. In contrast, 

axotomy, either alone or combined with intraocular injections that did not infringe upon 
the lens, caused only a minimal change in GAP-43 expression in RGCs and a minimal 
activation of the other cell types. Combining nerve injury with lens puncture led to a 8- 
fold increase in RGC survival and a 100-fold increase in the number of axons 
35 regenerating beyond the crush site. The effects of lens puncture could not be explained 
by changes in the levels of several candidate growth factors tested. However, 
macrophage activation was shown to play a key role, because intraocular injections of 
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Zymosan, a yeast cell wall preparation, stimulated monocytes in the absence of lens 
injury and induced RGCs to regenerate their axons into the distal optic nerve. 



Because RGCs only express GAP -43 during axon outgrowth, probes for this 
5 protein enable one to visualize RGCs in a growth state (Berry et al., 1996; Doster et al., 
1991; Meiri et al., 1986; Moya et al., 1988; Schaden et al., 1994). In animals having a 
nerve crush combined with lens puncture, numerous GAP-43 -positive axons grew past 
the injury into the distal optic nerve. Control optic nerves showed no staining at all. 
Animals with nerve crush but with either no intraocular injections or intraocular 

10 injections that did not infringe upon the lens showed some GAP-43 immunostaining in 
the proximal region of the nerve (see below) and in the neuroma that forms at the injury 
site, but almost no growth beyond this point. Quantitatively, animals with optic nerve 
crush alone (N = 5) averaged 4 ± 3 axons (mean ± SEM) extending 0.5 mm past the 
crush site, and none at 1 mm; animals in which the nerve was crushed but which 

15 received minimally invasive injections (N = 7) had only slightly more growth (22 ± 9 
axons at 0.5 mm, and 6 ± 3 at 1 mm). Relative to the latter group, animals in which the 
nerve was crushed and the lens punctured showed a nearly 100-fold increase in growth 
(1791 ± 232 axons at 0.5 mm, and 933 ± 162 axons at 1 mm distal to the crush site: N= 
6. The difference between the latter group and controls with nerve crush plus minimally 

20 invasive injections was highly significant (p < 0.001 at both 0.5 and 1 .0 mm). 

The number of axons reaching 0.5 or 1 mm past the injury site rose continuously 
over the first 3 weeks. By 40 days, however, the number declined, suggesting that GAP- 
43 expression in RGCs had diminished or that some of the axons that had been present at 
3 weeks degenerated. 

25 

Anterograde labeling with cholera toxin 

Anterograde labeling afforded a more rigorous way to demonstrate that axons 
distal to the crush site arose from RGCs. For these studies, CTB was injected into the 
posterior chamber 1 day prior to sacrificing animals, then immunohistochemistry was 

30 carried out to detect CTB in the optic nerve. The pattern of CTB staining closely 
resembled that for GAP-43. After nerve crush without lens puncture, CTB-positive 
axons were detected proximal to the injury site but not beyond it; with nerve crush plus 
lens puncture, many CTB-positive axons appeared in the distal nerve. Double-labeling 
revealed that axonal elements growing beyond the crush site contained both antigens, 

35 and in some cases, intense double-labeling was observed in structures resembling growth 
cones. In 4 CTB-labeled animals having optic nerve crush and lens puncture, 903 ± 54 
axons were ounted at 0.5 mm with CTB staining vs. 1422 ± 259 GAP-43-positive axons 
at the same distance; a similar labeling ratio was seen at 1 mm. The discrepancy 
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between the numbers of CTB- and GAP-43 -positive axons may be due to a failure of 

RGCs distant from the injection site to take up CTB. 

Although CNS myelin is inhibitory to axon growth, RGC axons appear to 

regenerate through myelin-rich areas of the nerve after lens puncture. This is apparent in 
5 double-immunostained sections in which growing axons were labeled with antibodies to 

GAP-43 and myelin with antibodies to MBP. Because the 15 um sections are thicker 

than the axons, it remains possible that the axons may be growing through myelin-free 

zones within the nerve, though no gaps in the MBP staining pattern are apparent. 

However, the pattern of myelin staining in the nerve 21 days after crush does have a 
10 reticulated appearance that differs from the continuous, striated staining found in the 

normal optic nerve. 

In the normal rat retina, GAP-43 immuno staining is limited to the processes of 
dopaminergic amacrine cells in the inner plexiform layer (Kapfhammer et al., 1997). 
RGCs are unstained, as are their axons within the optic nerve. Twenty one days after 

15 optic nerve crush without lens injury, RGCs remained unlabeled, and few GAP-43 - 

positive axons appeared in the optic nerve proximal to the crush site. In contrast, when 
nerve crush was accompanied by lens injury, there was a dramatic increase in the 
immunostaining of RGCs and in their axons within the overlying fiber layer and in the 
optic nerve proximal to the crush site. The number of GAP -43 -positive fibers extending 

20 up to the injury site greatly exceeds the number that continues past this point. 

Surprisingly, even without nerve damage, lens injury stimulated RGCs to express GAP- 
43 across the full extent of the retina , despite the fact that these cells' axons were not 
damaged. Correspondingly, some normal axons in the undamaged optic nerve showed 
GAP-43 immunostaining after lens injury. 

25 GAP-43 was not detected in RGCs 24 hours after nerve crush with lens puncture 

(not shown), but became visible by day 3 and intensified by day 7. By 21 days, GAP-43 
levels were high throughout the retina. Animals with nerve crush alone showed only a 
small, transient increase in GAP-43 expression at 7 days that could no longer be detected 
at 21 days. The effect of lens puncture alone on RGCs was evident on day 7 and, as 

30 mentioned above, remained high at 21 days. 

The effect of combining nerve injury and lens puncture was confirmed on 
western blots of the retina and proximal optic nerve segment. These studies were carried 
out 14 days after surgery, a time at which the transient upregulation of GAP-43 
expression from nerve injury alone has mostly subsided (Doster et al., 1991; Wodarc2yk 

35 et al., 1997). Western blots did not reveal an appreciable change in overall retinal GAP- 
43 levels 14 da after a nerve crush with a minimally invasive intraocular injection or 
after lens injury without nerve crush. This is presumably due to the fact that the GAP-43 
changes in RGCs are modest, whereas the levels in amacrine are considerable and 
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unchanging. However, the effect of combining nerve crush and lens injury was clearly 
evident in the retina and was much more dramatic in the optic nerve, where the only 
source of GAP-43 are RGC axons, in which levels of the protein are changing radically. 

Retinal ganglion cell survival 

To evaluate cell survival, Fluorogold was used to retrogradely label RGCs 1 
week prior to surgery. In the normal, intact visual pathway, Fluorogold labeled 
numerous RGCs, which are characteristically round or oval cells, 12-15 urn across. 
Quantitation revealed a cell density of 1806 ± 54 RGCs/mm 2 (N = 14 cases), similar to 
previously reported results (Clarke et al., 1998; Koeberle and Ball, 1998; Mansour- 
Robaey et al., 1994; Mey and Thanos, 1993). In animals with nerve injury alone, or 
nerve injury combined with a minimally invasive injection into the eye, very few RGCs 
remained 3 weeks after surgery: in the latter case, 59 ± 21 RGCs/mm 2 were counted, i.e., 
only 3% of the original number (N = 7). At the same time, numerous small, brightly 
fluorescent, spiny cells with multiple processes appeared. These latter cells have been 
described previously in the injured retina, and represent activated microglia (Clarke et 
al., 1998; Koeberle and Ball, 1998; Sawai et al., 1996; Thanos et al., 1993). When nerve 
injury was accompanied by lens puncture, RGC survival increased about 8-fold, i.e., 
24% of the original number of RGCs remained 3 weeks after surgery (430 ± 38 
RGCs/mm 2 : N = 7). Microglia were still evident, but in much smaller numbers, and were 
readily distinguished from the RGCs by their morphology and location in a different 
optical plane. 

Astrocyte reaction 

In normal rats, GFAP staining is restricted to the dense network of astrocytic 
processes in the innermost segment of the retina, and this pattern did not change 
appreciably 7 or 21 days after nerve crush alone. Minimally invasive injections that did 
not infringe upon the lens caused a very limited GFAP upregulation restricted to the 
region of the needle track. However, puncturing the lens, even without injuring the 
nerve, stimulated GFAP expression in Muller cells across the full extent of the retina. 
This change was detectable by 3 days, became pronounced by 7 days, and persisted for 
at least 3 weeks. Crushing the optic nerve in addition to puncturing the lens did not 
increase GFAP expression in Muller cells beyond the level induced by lens injury alone. 
These results are confirmed on western blots: lens puncture alone increased overall 
GFAP levels in the retina, whereas nerve crush alone had a smaller effect. The effect of 
combining nerve injury with lens puncture was similar to that of lens puncture alone. 



Macrophage reaction 
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The normal retina shows few, if any, ED- 1 -positive macrophages, and this was 
not altered by nerve crush alone nor by intraocular injections that did not infringe upon 
the lens, except in the vicinity of the needle track. In contrast, lens injury led to 
widespread macrophage infiltration across the whole extent of the retina whether or not 
5 the nerve was crushed. This first became apparent at 3 days and intensified at 7 days; 
combining lens puncture with nerve injury induced about the same level of macrophage 
infiltration as lens puncture alone. Thus, the onset of the macrophage reaction correlates 
with the changes seen in RGCs and in Muller cells, with all three being induced strongly 
by lens injury but only minimally by nerve crush. Table I summarizes the pattern of 
10 changes seen in the eye 7-14 days after various experimental conditions. At 21 days, 

whereas GAP -43 expression in the retina and GFAP expression in Muller cells remained 
high, the number of ED-1 positive cells subsided considerably. As demonstrated by 
Fluorogold labeling, there are still numerous microglia in the retina at 21 days, 
particularly after nerve crush alone, but these do not stain with the ED-1 antibody. 



Table I. Summary of changes resulting from nerve injury and/or lens puncture 



cellular change 


control 


nerve crush 


lens puncture 


crush + puncture 


GAP-43 + RGCs 




+/- 


+ 


+++ 


GFAP + 
Muller cells 




+/- 


++ 


++ 


ED-1 + 

macrophages 






+++ 


+++ 



20 Immunizing animals against myelin has recently been reported to enable injured 

corticospinal tract axons to regenerate through the dorsal funiculus of the rat's spinal 
cord after injury (Huang et al., 1999). Since lens puncture causes a strong inflammatory 
reaction in the eye, we investigated whether it also stimulates an immune response that 
may contribute to the changes in RGC survival and axon regeneration. Sera were 

25 obtained from normal controls, or 7 days after surgery from animals having either a 
nerve crush with a minimally invasive injection in the eye, or nerve injury combined 
with lens puncture (N = 3 in each group). These sera were used to stain western blots of 
proteins from the retina and optic nerve derived from normal animals and from animals 
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7 days after nerve crush. The results showed no differences in the staining patterns 
obtained with the different antibodies. It is also predicted that if circulating antibodies 
were contributing to the regeneration observed in our studies, lens puncture might have 
an effect that would carry over to the contralateral optic nerve if it were also injured. 
5 Results from such studies show very little elevation of GAP-43 in the retina or proximal 
optic nerve contralateral to the eye receiving a lens puncture when both optic nerves 
were injured; only the side with the lens puncture exhibited elevated levels of GAP-43. 
Similarly, immunohistochemistry revealed no axon growth past the injury site on the 
side in which the optic nerve was injured but the eye only received a minimally invasive 
1 0 injection. This result suggests that GAP-43 induction is related to local effects that 
ensue from lens puncture, rather than from systemically circulating agents, such as 
antibodies. 

Within the nerve, numerous macrophages were seen in the vicinity of the crush 
site within 7 days of injury, and by 14 days, these cells became dispersed along the 

1 5 length of the nerve; by 21 days, their distribution narrowed to the vicinity of the crush 
site. Puncturing the lens without crushing the nerve induced no macrophage reaction in 
the nerve, and combining lens puncture with nerve crush did not augment the response 
beyond the level seen after nerve crush alone. By 7 days, a massive cavity has formed at 
the crush site in all cases, presenting a formidable barrier to axon growth (Battisti et al., 

20 1995; Fitch et al., 1999; McKeon et al., 1991). 

Defined growth factors 

Puncture wounds to the posterior chamber of the eye cause a selective induction 

of CNTF and basic FGF mRNA (Cao et al., 1997; Faktorovich et al., 1992; Wen et al., 
25 1995). CNTF induces RGCs to extend axons in dissociated cell culture (Jo et al., 1999) 

and through a peripheral nerve graft in vivo (Cui et al., 1999). Based upon these studies, 

the ability of CNTF to mediate the effects of lens puncture on RGCs was investigated. 

Using minimally invasive injections, CNTF was introduced at concentrations up to 1 

ug/ml, approximately 1000 times the ED 50 required to stimulate axon outgrowth from rat 
30 RGCs in culture (Jo et al., 1999; Meyer-Franke et al., 1995). Axon growth was 

examined at 14 days, a time point at which growth past the crush site is clear-cut after 

lens puncture, but before the effects of the single injection might have subsided. 

Intraocular injections of CNTF that did not infringe upon the lens had no effect. 

Whether the RGC changes that result from lens puncture could be diminished with anti- 
35 CNTF antibodies was also investigated (R&D Systems, 20 ^g/ml, a quantity sufficient 

to neutralize 80% of the activity of 1 ng/ml of CNTF). No changes were observed. 

Neutralizing antibodies to BDNF or basic FGF likewise failed to diminish the number of 

axons measured at 0.5 or 1 mm distal to the injury site after lens puncture. However, 
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anti-BDNF antibody treatment doubled the length of the longest regenerating axon 
measured distal to the injury site (relative to cases with lens puncture plus nerve crush: t 
= 3.67, p < 0.01, df = 8). No other treatment significantly increased axon length. 

Multiple punctures 

Whether the regenerative changes obtained after a single lens injury could be 
augmented by multiple punctures was also investigated. This was examined by either 
making 10 punctures on the same day as the nerve injury or 5 punctures at 3 day 
intervals beginning the same day as the nerve crush. Both of these treatments only 
diminished axon growth, perhaps because of generalized trauma to the retina. Thus, 
despite the fact that a single puncture initially affects a very small region of the lens, it 
may elicit a maximal response. 

Macrophage activation mimics the effect of lens puncture 

To determine whether macrophages mediate the effect of lens puncture on RGC 
survival and axon regeneration, several methods were used to activate macrophages 
without encroaching on the lens. Of these, the greatest effect was achieved by injecting 
Zymosan, a yeast cell wall preparation, to augment the modest macrophage response that 
occurs after minimally invasive intraocular injections. Zymosan stimulated an extensive 
macrophage response in the eye, and this was paralleled by an upregulation of GFAP in 
Miiller cells and of GAP-43 in RGCs; under these conditions, extensive axon 
regeneration was observed past the site of nerve injury. 

After establishing that a macrophage-derived factor was what caused the 
stimulation of neuronal survival and axon growth, chromatographic separation was 
performed to isolate the active molecule(s). One potential factor was isolated, sequences 
and found to correspond to the protein Oncomodulin (described in, for example, Ritzier 
J. M. et al. (1992) Genomics 12:567-572). When tested in culture, oncomodulin 
stimulated retinal ganglion cells to regenerated their axons. Another macrophage- 
derived factor, TGF-p, was also found to stimulate regeneration of retinal ganglion cells 
in culture. The effect of TGF-p synergized with AF-1 and elevated cAMP. 

The vitreous is highly inhibitory to inflammation (Osusky et al., 1996); in 
conformity with this, it was not possible to elicit a sustained macrophage reaction by 
injecting IFN-y or by introducing activated peritoneal macrophages. Correlated with the 
absence of monocyte activation were an absence of GAP-43 upregulation in RGCs and a 
failure of axons to regenerate past the crush site in the nerve. IFN-y did, however, 
stimulate GFAP expression in Miiller cells. On the other hand, none of the inhibitors 
used (MIF, Ciglitazone, prostaglandin J2) diminished macrophage activation after lens 
puncture, nor did they alter GAP-43 expression. 
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Summary 

In mature mammals, RGCs are unable to regrow injured axons and soon undergo 
apoptotic death. These well-known events are a paradigm of regenerative failure in the 
CNS, and may mimic pathophysiological sequelae that underlie degenerative diseases 
such as glaucoma. However, as shown here, if the lens is injured, RGCs show increased 
survival and regenerate their axons into the distal optic nerve. 

The pro-regenerative effects of lens puncture appear to be mediated through 
activated macrophages. Within 3 days of nerve crush with lens puncture, ED- 1 -positive 
monocytes appear across the entire retina. This is paralleled by an upregulation of GAP- 
43 in RGCs and of GFAP in Miiller cells; these changes all intensify by 7 days and 
remain high for another week. Macrophage activity then begins to decline, but the 
changes in Muller cells and RGCs persist. In contrast, nerve injury, either alone or 
combined with a minimally invasive intraocular injection, induces only minor 
macrophage activation, and is soon followed by massive RGC death. 

To investigate whether macrophages play a causative role in stimulating RGC 
survival and regeneration, we used several methods to stimulate monocytes without 
infringing upon the lens. Zymosan, a yeast membrane suspension that activates the 
mannose and |3 -glucan lectin-binding site of the CR3 p 2 -integrin receptors, resulted in 
massive macrophage infiltration into the eye. This was accompanied by a dramatic 
increase in GAP-43 expression in RGCs and axon regeneration beyond the injury site. 
The vitreous is normally suppressive to inflammation; this has been attributed to high 
levels of hyaluronic acid and TGF-pII. Thus, lens puncture may release agents that 
overcome the anti-inflammatory influences that normally prevail intravitreally. Our 
results indicate that the effects of lens puncture and macrophage activation are local, and 
are not mediated through circulating antibodies. 

Activated monocytes release a host of cytokines and growth factors that can 
stimulate neurons directly or indirectly via glial stimulation (Giulian (1993) Glia, 7:102- 
110; Kreutzberg (1996) Trends Neurosci. 19:3 12-3 18). In the rat striatum, puncture 
wounds stimulate microglia that express BDNF and promote the infiltration of 
macrophages that express GDNF; these two growth factors are likely to contribute to the 
survival and outgrowth of dopaminergic neurons that occurs after puncture wounds 
(Batchelor et al. (1999) J. Neurosci. 19:1708-1716). BDNF and GDNF also affect RGC 
survival after axotomy (Di Polo et al. (1998) Proc. Natl. Acad. Sci. USA 95:3978-3983; 
Koeberle and Ball (1998) Vision Res. 38:1505-1515; Mansour-Robaey et al. (1994) 
Proc. Natl. Acad. Sci. USA 91:1632-1636; Mey and Thanos (1993) Brain Res. 602:304- 
317; Sawai et al. (1996) J. Neurosci. 16:3887-3894), and could play a role here. 
However, neutralizing anti-BDNF antibodies did not diminish the positive effects of lens 
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injury, but augmented the length of axon growth into the distal optic nerve. This 
unanticipated effect on axon length may be a consequence of suppressing the effects of 
BDNF upon axon branching (Cohen-Cory (1999) J. Neurosci. 19:9996-10003; Jo et al., 
(1999) Neuroscience 89:579-591; Lom and Cohen-Cory (1999) J. Neurosci. 19:9928- 

5 9938; Mansour-Robaey et al. (1994) Proc. Natl. Acad. Set USA 91:1632-1636; Sawai et 
al. (1996) J. Neurosci. 16:3887-3894). In terms of glial contributions, activated Miiller 
cells increase CNTF expression (Ju et al. (1999) Neuroreport 10:419-422), and CNTF 
can stimulate RGC survival (Mey and Thanos (1993) Brain Res. 602:304-317; Meyer- 
Franke et al. (1995) Neuron 15:805-819) and axon regeneration (Jo et al. (1999) 

10 Neuroscience 89:579-591 ; Cui et al. (1999) Invest. Ophthalmol. Vis. Sci. 40:760-766). 
However, intraocular injections of CNTF did not stimulate axon regeneration in the 
absence of lens puncture, and anti-CNTF antibodies did not diminish the effects of lens 
injury. Traumatic injury to the eye also increases mRNA for bFGF (Cao et al. (1997) 
Exp. Eye Res. 65:241-248; Faktorovich et al. (1992) J. Neurosci. 12:3554-3567; Wen et 

1 5 al. (1 995) J. Neurosci. 15:7377-7385), but again, anti-bFGF antibodies did not diminish 
the effect of lens puncture. A number of studies on trophic factors in the eye found that 
control injections enhanced RGC survival (Koeberle and Ball (1998) Vision Res. 
38:1505-1515; Mansour-Robaey etal. (1994) Proc. Natl. Acad. Sci. USA 91:1632-1636). 
These effects may have resulted from lens injury, since in our hands, intraocular 

20 injections that did not infringe upon the lens had little effect on RGCs. 

Equivalents 

Those skilled in the art will recognize, or be able to ascertain using no more than 
routine experimentation, many equivalents to the specific embodiments of the invention 
25 described herein. Such equivalents are intended to be encompassed by the following 
claims. 



